The role of L-type Ca 2ϩ channels in the induction of synaptic plasticity in hippocampal slices of aged (22-24 months) and young adult (4-6 months) male Fischer 344 rats was investigated. Prolonged 1 Hz stimulation (900 pulses) of Schaffer collaterals, which normally depresses CA3/CA1 synaptic strength in aged rat slices, failed to induce long-term depression (LTD) during bath application of the L-channel antagonist nifedipine (10 M). When 5 Hz stimulation (900 pulses) was used to modify synaptic strength, nifedipine facilitated synaptic enhancement in slices from aged, but not young, adult rats. This enhancement was pathway-specific, reversible, and impaired by the NMDA receptor (NMDAR) antagonist DL-2-amino-5-phosphonopentanoic acid (AP5). Induction of long-term potentiation (LTP) in aged rats, using 100 Hz stimulation, occluded subsequent synaptic enhancement by 5 Hz stimulation, suggesting that nifedipine-facilitated enhancement shares mechanisms in common with conventional LTP. Facilitation of synaptic enhancement by nifedipine likely was attributable to a reduction (ϳ30%) in the Ca 2ϩ -dependent K ϩ -mediated afterhyperpolarization (AHP), because the K ϩ channel blocker apamin (1 M) similarly reduced the AHP and promoted synaptic enhancement by 5 Hz stimulation. In contrast, apamin did not block LTD induction using 1 Hz stimulation, suggesting that, in aged rats, the AHP does not influence LTD and LTP induction in a similar way. The results indicate that, during aging, L-channels can (1) facilitate LTD induction during low rates of synaptic activity and (2) impair LTP induction during higher levels of synaptic activation via an increase in the Ca 2ϩ -dependent AHP.
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Long-term potentiation (LTP) and long-term depression (LTD) are Ca 2ϩ -dependent modifications in synaptic efficacy thought to underlie learning and memory processes (Bliss and Collingridge, 1993) . During old age, when memory f unction declines, hippocampal synapses exhibit alterations in C a 2ϩ -dependent synaptic plasticity . In particular, the threshold for LTP induction is increased (Deupree et al., 1993; Moore et al., 1993; Rosenzweig et al., 1997) , and the decay of LTP is accelerated in aged rats (Barnes and McNaughton, 1980; deToledo-Morrell et al., 1988) . Conversely, susceptibility to the induction of LTD is enhanced during aging (Norris et al., 1996; . Although these age-related changes in Ca 2ϩ -dependent plasticity have been well characterized, much less is known about the mechanisms that generate these changes.
Mounting evidence indicates that C a 2ϩ influx through L-type voltage-dependent C a 2ϩ channels is elevated in CA1 neurons during aging (Pitler and Landfield, 1990; Moyer and Disterhoft, 1994; C ampbell et al., 1996; Thibault and Landfield, 1996) . We have speculated that a modest increase in C a 2ϩ influx through L-channels can raise and lower the thresholds for the induction of LTP and LTD, respectively . The level of postsynaptic C a 2ϩ achieved during synaptic activation appears to play a pivotal role in determining the direction and extent of synaptic modification such that, in aged animals, an increased influx of Ca 2ϩ during low-frequency synaptic activation would increase the susceptibility to LTD. In contrast, as the frequency of synaptic activation increases, Ca 2ϩ influx through L-channels may impair LTP induction via activation of the Ca 2ϩ -dependent K ϩ -mediated afterhyperpolarization (AHP), which is augmented in aged mammals (Landfield and Pitler, 1984; Moyer et al., 1992) . Previous research demonstrates that a large AHP can reduce the integration of high-frequency synaptic events by shunting synaptic depolarization, thus impairing NMDA receptor (NMDAR)-mediated processes such as LTP (Sah and Bekkers, 1996) . As such, age-related changes in Ca 2ϩ influx through L-channels may contribute to alterations in LTP and LTD.
The current research explored the influence of L-channels on the induction of CA3/CA1 synaptic plasticity during aging. The results demonstrated that, in aged rat slices, the L-channel antagonist nifedipine reverses the susceptibility to induction of LTD using 1 Hz stimulation and enhances the induction of NMDARdependent synaptic enhancement using 5 Hz stimulation. The facilitation of synaptic enhancement during L-channel blockade was explained best by a reduction of the AHP by nifedipine, because apamin, which reduces the AHP via direct blockade of K ϩ channels, also promoted enhancement but did not prevent LTD in slices from aged rats. The results provide a direct link between increased L-channel-mediated Ca 2ϩ influx and altered Ca 2ϩ -dependent synaptic plasticity during aging. Parts of this paper have been published in abstract form .
MATERIALS AND METHODS
Transverse hippocampal slices were harvested from aged (22-24 months) and young adult (4 -6 months) male Fischer 344 rats, as previously described (Norris et al., 1996) . Briefly, slices initially were prepared in ice-cold artificial C SF (AC SF) containing a reduced C aC l 2 concentration (0.5 mM). Slices then were transferred to an interface recording chamber where they were perf used with oxygenated AC SF, which contained (in mM) 124 NaC l, 2 KC l, 1.25 K H 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHC O 3 , and 10 dextrose, pH ϳ7.4. Slices were maintained in a holding chamber (23°C) and transferred to an interface recording chamber (30°C) as needed.
Methods for collecting extracellular CA3/CA1 synaptic responses were identical to those used in Norris et al. (1996) . Schaffer collaterals were activated with a bipolar stimulating electrode located in stratum radiatum of area CA1 at or near the CA3 border. For certain experiments a second stimulating electrode was placed in stratum radiatum near the subiculum and used to evoke responses in a control pathway that did not receive pattern stimulation. The recording electrode, a glass micropipette (1-6 M⍀) filled with AC SF, was positioned in stratum radiatum of CA1, ϳ1 mm away from the point of stimulation. Baseline stimulation consisted of 100 sec diphasic, constant current pulses delivered once every 30 sec at an intensity sufficient to elicit an EPSP of ϳ1 mV. Slope magnitude was calculated as the difference between two cursors, separated by 1 msec, and placed on the middle portion of the descending phase of the EPSP. Because stimulation was set to evoke a 1 mV response, no age differences for baseline EPSP slope were observed. In some experiments nifedipine (Research Biochemicals, Natick, M A), DL-2-amino-5-phosphonopentanoic acid (AP5; Sigma, St. L ouis, MO), or apamin (Sigma) was added to the slice perf usion medium at least 30 min before the delivery of patterned stimulation. All drugs were dissolved in distilled H 2 O, except nifedipine (which was dissolved in DMSO), and stored as frozen stocks. Because of the light sensitivity of nifedipine, all experiments were conducted in a darkened room. To wash nifedipine from the perf usion medium, we reintroduced normal "drug-free" buffer to the slices and turned on the lights to facilitate inactivation of the compound.
Synaptic modification was induced by delivering 900 pulses to Schaffer collaterals at either 1 or 5 Hz. Induction of LTP was achieved in some experiments by using two 1 sec duration bursts of 100 Hz stimulation, each burst separated by 10 sec. Pattern stimulation was delivered at baseline stimulation intensity, and stimulus timing was controlled by a computer.
To quantif y changes in synaptic strength after pattern stimulation, we collected 10 responses at various times after the induction of synaptic modification and normalized them to the average of the 10 min baseline immediately preceding pattern stimulation. Changes in synaptic strength are expressed as a percentage of baseline. Then the 10 normalized responses were averaged, and repeated measures ANOVA was applied to the means to determine differences across pattern stimulation sessions. Post hoc analyses were conducted with Scheffé's F tests, with significance set at p Ͻ 0.05. For illustration purposes, the two EPSP slope values collected per minute from an individual slice were averaged, and these points then were averaged across slices. Where stated, n represents the number of slices used in each experiment. However, because an individual rat usually contributed one slice, and at the most two slices, to any given data set, n also closely approximates the number of animals used.
Intracellular recordings were obtained from CA1 cells by using sharp microelectrodes (50 -100 M⍀) filled with 3 M potassium acetate. Only cells with a resting membrane potential less than Ϫ60 mV, an input resistance Ͼ20 M⍀, and a Na ϩ spike amplitude Ͼ70 mV were included in data analysis. Depolarizing current pulses (100 msec, 0.5-1.7 nA) were delivered through the intracellular electrode to elicit Na ϩ spike bursts of five to seven spikes. The AHP was measured as the difference between the mean membrane potential during the 100 msec period immediately before the onset of the depolarizing current and the mean membrane potential during the 800 msec immediately after the offset of the depolarizing current. Changes in the AHP with drug application were calculated by comparing the average AHP from five successive responses collected before drug wash-in with the average of five successive responses collected 10 -15 min after wash-in. C ells were current-clamped to a membrane potential between Ϫ65 and Ϫ71 mV. In other experiments the NMDAR-mediated component of CA3/CA1 synaptic transmission was isolated by lowering the extracellular [MgSO 4 ] to 0.5 mM and by adding 20 -60 M 6,7-dinitroquinoxaline-2,3-dione (DNQX; Research Biochemicals) and 10 M picrotoxin (Sigma) to the perf usion medium. In these cases the intracellular EPSP magnitude was measured as the area above baseline.
RESULTS

Induction of LTD in slices from aged rats exhibits sensitivity to L-channel blockade
In control slices from aged rats, 1 Hz stimulation (900 pulses) produced a marked depression of the synaptic response ( Fig. 1 A) . Synaptic strength after induction of LTD under these conditions was 72 Ϯ 4% of baseline ( p Ͻ 0.05; n ϭ 3), a magnitude that is similar to that reported previously (Norris et al., 1996; . To examine the role of L-type voltage-dependent Ca 2ϩ channels in regulating the induction of LTD in slices from aged rats, we applied the L-channel antagonist nifedipine (10 M) to the slice perfusion medium. A train of 1 Hz stimulation, which typically produces robust LTD in aged animals, failed to induce LTD when it was delivered in the presence of nifedipine (106 Ϯ 7% of the initial baseline, n ϭ 8) and instead produced a slight, but insignificant, enhancement of the synaptic response ( Fig.  1 B 1 ,B 2 ). The EPSP of control pathways, after the 1 Hz train, also was unchanged (102 Ϯ 6%, n ϭ 3; data not shown), indicating that blockade of LTD by nifedipine was not attributable to a counteractive increase in the synaptic response during nifedipine application. After a 30 min period in which nifedipine was washed from the recording chamber, a subsequent episode of 1 Hz stimulation was delivered to these same slices in drug-free medium ( Fig. 1 B 3 ). Under these conditions 1 Hz stimulation significantly depressed the synaptic response relative to the baseline collected during the washout period (83 Ϯ 5%, n ϭ 7; p Ͻ 0.05). The results suggest that the induction of LTD in aged animals depends on the function of L-channels.
Nifedipine facilitates the induction of synaptic enhancement in slices from aged rats
In adults, stimulation at 5 Hz results in transient alterations in synaptic transmission (Landfield et al., 1986 ) but does not induce LTP or LTD at naive synapses. However, this same stimulation reliably induces depotentiation (i.e., reversal of LTP) if it is delivered soon after LTP induction (Staubli and Lynch, 1990; O'Dell and Kandel, 1994) . Figure 2 A illustrates that, in normal medium, an episode of 5 Hz stimulation (900 pulses) produced only an initial short-lasting (ϳ10 min) depression in slices from young adult and aged rats. Such short-lived depression is a typical outcome of long-duration 1-10 Hz stimulus trains (Mulkey and Malenka, 1992; O'Dell and Kandel, 1994; Mayford et al., 1995) and likely is attributable to a transient reduction in transmitter release. However, at 30 min after the 5 Hz train, the EPSP for both young adult (n ϭ 6) and aged (n ϭ 5) rat slices was not different from the initial baseline magnitude ( young adult, 100 Ϯ 8%; aged, 97 Ϯ 7%). Similarly, 5 Hz stimulation, delivered in the presence of 10 M nifedipine, did not produce long-term alterations in synaptic strength in slices (n ϭ 7) from the young adult group (92 Ϯ 6%). In contrast to these findings, 5 Hz stimulation during L-channel blockade resulted in a slow-developing, but pronounced and pathway-specific, enhancement of transmission in aged rat slices (144 Ϯ 8% in the test pathway, n ϭ 16, p Ͻ 0.0001; and 98 Ϯ 5% in the control pathway, n ϭ 14) (Fig. 2 B 1 ) . In four of the slices illustrated in Figure 2 B 1 , nifedipine was washed from the recording medium, and a second round of 5 Hz stimulation was delivered 30 min later ( Fig. 2 B 2 ) . After drug washout the enhanced response measured 25-30 min after the initial 5 Hz stimulation was depressed by this second 5 Hz stimulus train (86 Ϯ 4%; p Ͻ 0.05). An additional 5 Hz train in the continued presence of nifedipine did not alter the magnitude of initial enhancement (106 Ϯ 6%, n ϭ 3; data not shown), indicating that depression, or reversal of the potentiated response, was specific to L -channel f unction and not to a priming effect by the first episode of 5 Hz stimulation. Thus, in aged rat slices the direction of synaptic plasticity and the susceptibility to synaptic modification depend on the stimulation frequency, the activity of L -channels, and the recent history of the synapse (potentiated vs naive).
Nifedipine-facilitated enhancement in slices from aged rats is mechanistically similar to LTP induced by highfrequency stimulation
The pathway specificity and the reversible nature of nifedipinefacilitated enhancement are reminiscent of LTP. However, unlike nifedipine-facilitated enhancement, LTP typically is induced by short bursts of high-frequency stimulation (i.e., 100 Hz for 1 sec) and has a rapid onset. Thus, occlusion experiments were conducted to examine whether the increase in synaptic strength after 5 Hz stimulation during L-channel blockade is mechanistically similar to LTP induced by 100 Hz stimulation. In slices from aged rats, nifedipine was applied to the recording medium, and synaptic enhancement (159 Ϯ 18%, n ϭ 3) was induced in one population of synapses (S1), using 5 Hz stimulation (Fig. 3A) . After washout of the drug, two bursts of 100 Hz stimulation were delivered 30 min later to the potentiated synapses of S1 and produced a further increase in the EPSP (119 Ϯ 9% of the post-5 Hz baseline) that was considerably smaller than potentiation observed at naive synapses in the same slice (147 Ϯ 11% in S2). This suggests that, although 5 Hz stimulation during L-channel After an initial baseline period, 900 pulses of continuous 1 Hz stimulation (bar) induced a significant depression of the synaptic response. B 1 , An experiment conducted on an individual slice from an aged rat in which 1 Hz stimulation (1 Hz 1) was delivered in the presence of 10 M nifedipine (thick bar) and did not depress the synaptic response. After the first 1 Hz train, nifedipine was washed from the recording medium, and a second episode of 1 Hz stimulation (1 Hz 2) was delivered in a drug-free medium. This second train of 1 Hz stimulation induced a marked depression that could be reversed to baseline by 100 Hz stimulus bursts (arrow). Insets for A and B 1 display the averaged field EPSP waveforms from 10 successive responses collected immediately before and 30 min after (arrowheads) the delivery of 1 Hz stimulation. Calibration: 1 mV, 5 msec. B 2 , B 3 , Average data from aged rat slices (B 2 , n ϭ 8; B 3 , n ϭ 7) that were treated identically to the individual case in B 1 . Note that responses in B 3 are normalized to the average of responses in B 2 collected between 25 and 30 min after the termination of the first 1 Hz train.
blockade partially occludes conventional LTP, it may not fully saturate the available LTP mechanisms. In other slices from aged rats (Fig. 3B ) LTP was induced first in S1, using 100 Hz stimulation. Immediately after LTP induction (153 Ϯ 12%, n ϭ 5), nifedipine was applied to the recording medium, and 5 Hz stimulation was delivered to the potentiated synapses 30 min later. The 5 Hz train resulted in no f urther increase in the synaptic response (101 Ϯ 4% of the post-100 Hz baseline). This lack of further enhancement after the 5 Hz train was not attributable to a nonspecific change in slice viability, because an additional round of 5 Hz stimulation delivered to a second, naive group of synapses (S2) in the continued presence of nifedipine produced marked enhancement (128 Ϯ 7%). The results indicate that, in aged rat slices, nifedipine-facilitated enhancement shares mechanisms in common with LTP that is induced by high-frequency stimulation.
The induction of conventional LTP requires postsynaptic influx of Ca 2ϩ via NMDARs (Bliss and Collingridge, 1993) . The role of the NMDAR in nifedipine-facilitated enhancement was investigated in aged rats by delivering 5 Hz stimulation in the combined presence of nifedipine and the NMDAR antagonist AP5 or in the presence of AP5 alone (Fig. 4) . Enhancement induced by 5 Hz stimulation during bath application of nifedipine was blocked by the addition of AP5 to the recording medium (106 Ϯ 7%, n ϭ 5) (Fig. 4 A) . Moreover, no change in synaptic strength was observed when 5 Hz stimulation was delivered in the presence of AP5 alone (97 Ϯ 7%, n ϭ 4) (Fig. 4 B) , suggesting that synaptic enhancement after 5 Hz stimulation is specific to the blockade of L-channels and not to the blockade of other voltage-dependent Ca 2ϩ channels, such as the NMDAR. Together, the results demonstrate that nifedipine facilitates the induction of NMDARdependent LTP in aged rats.
Blockade of L-channels does not enhance basal NMDAR function
One possible mechanism by which nifedipine could facilitate induction of LTP is via a reduction in Ca 2ϩ -dependent protein phosphatase activity, which normally downregulates NMDAR function (Lieberman and Mody, 1994; Wang and Salter, 1994; Figure 2 . Induction of synaptic modification by 5 Hz stimulation is a f unction of age, status of L-channel f unction, and synaptic strength. A 1 , Slices from adult rats displayed little change in the synaptic response after 5 Hz stimulation (arrow, 900 pulses), whether they were incubated in normal medium (open circles, n ϭ 6) or in nifedipinecontaining medium ( filled circles, n ϭ 7). A 2 , Similarly, 5 Hz stimulation delivered to aged rat slices (n ϭ 5) bathed in normal perfusion medium also failed to modify synaptic strength. B 1 , In contrast, aged rat slices perf used with nifedipine exhibited a robust synaptic enhancement after 5 Hz stimulation (5 Hz 1) to the test pathway ( filled circles, n ϭ 16). Altered synaptic strength was not observed in the control pathways that did not receive 5 Hz stimulation (open circles, n ϭ 14). B 2 , For four of the slices illustrated in B 1 , nifedipine was washed from the perfusion medium, and a second round of 5 Hz stimulation (5 Hz 2) was administered. In drug-free medium, depression of the enhanced response, attributable to 5 Hz stimulation, was obtained. Values plotted in B 2 were normalized to the average of responses collected during the final 10 min of drug washout (i.e., the last 10 min of recording in B 1 ). C, Shown are averaged waveforms (from 10 successive sweeps) collected from typical experiments in which 5 Hz stimulation was administered to slices bathed in nifedipine-containing medium. Arrowheads point to sweeps collected 25-30 min after the delivery of 5 Hz stimulation. Sweeps without arrowheads were collected during the 5 min immediately preceding the 5 Hz episode. C alibration: 1 mV, 5 msec. . To isolate the NMDAR component of the CA3/CA1 synaptic response, we monitored extracellular EPSPs in slices from aged rats during the wash-in of AC SF, which contained 0.5 mM MgSO 4 , 20 -60 M DNQX, and 10 M picrotoxin. After stabilization of the field EPSP, intracellular recordings were obtained and baseline stimulation (0.1 Hz) was initiated. Nifedipine was applied to the recording medium ϳ10 min later. Figure 5 illustrates that L -channel blockade did not alter the intracellular EPSP area (93 Ϯ 5%, n ϭ 5) measured 25-30 min after nifedipine application. However, subsequent application of AP5 (100 M) dramatically reduced the EPSP (15 Ϯ 5%, n ϭ 4), demonstrating successf ul isolation of the NMDAR component of synaptic transmission. The results suggest that nifedipine does not facilitate the induction of LTP in aged rat slices by increasing basal NMDAR-mediated currents.
Nifedipine facilitates LTP by reducing the Ca 2؉ -dependent AHP
Another way that nifedipine could facilitate synaptic enhancement is via a reduction in the C a 2ϩ -dependent K ϩ -mediated AHP, which normally is augmented in area CA1 during aging (Landfield and Pitler, 1984; Moyer et al., 1992) . Indeed, previous research demonstrates that the AHP can shunt synaptic depolarization in stratum radiatum and impair the induction of LTP by using "weak" stimulation parameters (Sah and Bekkers, 1996) . Similar to previous research, intracellular recordings from CA1 cells of aged rats demonstrated that the AHP (7.4 Ϯ 2 mV) associated with a burst of six to seven action potentials was reduced by ϳ30% (n ϭ 5) after the addition of nifedipine to the recording medium (Moyer et al., 1992) . Drug effects on the AHP were rapid (Ͻ15 min after wash-in) and were not associated with a change in the field EPSP (Fig. 6 B 1 ) . If nifedipine facilitates synaptic enhancement via a reduction of the AHP, then other compounds that reduce the AHP should have similar effects on synaptic enhancement. Apamin, a peptide that directly blocks K ϩ channels, reduced the AHP (4.4 Ϯ .8 mV) in aged rat slices to an extent similar to that of nifedipine (i.e., by ϳ30%, n ϭ 5) and did not alter the baseline field EPSP slope ( Fig. 6 B 2 ) . Also comparable to nifedipine, apamin facilitated the induction of synaptic Note that, although 100 Hz stimulation produced f urther potentiation in S1, the percentage of increase in the synaptic response was much less than the increase observed at naive synapses (i.e., S2) after 100 Hz stimulation. B 1 , For an individual aged rat slice, LTP was induced in one pathway (open arrow, S1), using 100 Hz stimulation. After induction of LTP, nifedipine was washed into the recording medium, and a round of 5 Hz stimulation was applied to the potentiated synapses (closed arrow, S1). At 30 min after the first round of 5 Hz stimulation, a second 5 Hz train was applied to nonpotentiated synapses (S2) in the continued presence of nifedipine. B 2 , Average data from five aged rat slices in which induction of LTP by 100 Hz stimulation preceded the induction of synaptic enhancement by 5 Hz stimulation. Note that, after the induction of LTP in S1, 5 Hz stimulation in the presence of nifedipine fails to induce synaptic enhancement. However, 5 Hz stimulation applied to nonpotentiated synapses in S2 produces robust enhancement. Error bars indicate SEM.
enhancement in aged rats when 5 Hz stimulation was used (128 Ϯ 7%, n ϭ 7) (Fig. 6C 1 ) . However, in contrast to nifedipine, apamin did not prevent the induction of LTD by 1 Hz stimulation (84 Ϯ 6%, n ϭ 7) (Fig. 6C 2 ) . These data indicate that, in slices from aged rats, the AHP may impair LTP induction without dramatically affecting LTD.
DISCUSSION
The major conclusion of the current study is that, in slices from aged rats, L-channels can (1) facilitate LTD induction during low rates of synaptic activity and (2) impair LTP induction during higher levels of synaptic activation via an increase in the Ca 2ϩ -dependent AHP. These findings provide a direct link between a major hypothesis of brain aging, impaired regulation of Ca 2ϩ homeostasis, and alterations in long-lasting Ca 2ϩ -dependent synaptic plasticity during aging.
L-channel blockade reverses increased susceptibility to LTD during aging
Although the induction of LTD in area CA1 often depends on the activation of NMDARs, it is becoming increasingly clear that, under certain conditions, L-channels also contribute to the induction process. For instance, although LTD induction in immature animals usually is blocked by NMDAR antagonists (Bear and Abraham, 1996) , other investigators have observed substantial LTD during NMDAR blockade or the inhibition of LTD in the presence of L-channel antagonists (Velisek et al., 1993; Bolshakov and Siegelbaum, 1994; Christie et al., 1996 Christie et al., , 1997 Cummings et al., 1996; Goda and Stevens, 1996) (but see Selig et al., 1995) . Because LTD induction depends on a modest rise of cytosolic Ca 2ϩ (Bear, 1995) , elevated Ca 2ϩ influx through L-channels may lower the rate of synaptic activity that is necessary to increase cytosolic Ca 2ϩ beyond the LTD threshold (Debanne et al., 1994; . Consistent with this idea, manipulations that increase Ca 2ϩ influx through L-channels lower the stimulation threshold for LTD induction in adults. Thus, 1 Hz stimulation that elicits little-to-no LTD in adults produces robust LTD when it is delivered in the presence of Bay K 8644, an L-channel activator (Coussens et al., 1997) . Additionally, glucocorticoid receptor activation, which enhances L-channel currents (Kerr et al., 1992) , also facilitates LTD in adult animals (Kerr et al., 1994 (Kerr et al., , 1996 , and this LTD is inhibited by L-channel blockade (Kerr et al., 1996; Coussens et al., 1997) . Finally, discrepancies across laboratories in the ability to induce LTD in adults may be linked to the level of extracellular C a 2ϩ used in the experimental paradigm, which in turn can influence C a 2ϩ influx during low-frequency stimulation (for a discussion, see Norris et al., 1996) .
Relative to young adult rats, aged rats exhibit an increased influx of C a 2ϩ through L -channels (C ampbell et al., 1996; Thibault and Landfield, 1996) as well as an enhanced susceptibility to LTD induction using 1 Hz stimulation (Norris et al., 1996; . Although induction of LTD in aged rats is inhibited by AP5, it is not f ully suppressed, implicating an NMDAR-independent component of LTD (Norris et al., 1996) . In the present study LTD induced by 1 Hz stimulation was blocked completely in aged rats by nifedipine, demonstrating that L-channels make a major contribution to LTD induction during aging. Taken together, the results suggest that it is the elevated Ca 2ϩ influx through L-channels that underlies increased susceptibility to LTD during aging.
L-channel blockade facilitates LTP induction during aging
In addition to LTD, L-channels also have been implicated in LTP, particularly when very intense stimulation (Ͼ200 Hz) trains are used for induction Teyler, 1990, 1995) . Thus, increased Ca 2ϩ influx through L-channels during aging may be expected to reduce the stimulation threshold for LTP induction. The results of the current study and previous work, however, are at odds with this prediction (Deupree et al., 1993; Moore et al., 1993; Rosenzweig et al., 1997) . In the present study the facilitation of synaptic enhancement in aged rats by using 5 Hz stimulation only occurred during L-channel blockade. This enhancement was NMDAR-dependent and shared mechanisms in common with conventional LTP induced by 100 Hz stimulation, as indicated by occlusion experiments. Illustrations of the AHP (cell held at Ϫ65 mV) after a burst of seven action potentials (lef t) and the field EPSP (right) before and after (arrowheads) application of nifedipine to the recording medium. B 2 , I llustrations of the AHP (cell held at Ϫ71 mV) after a burst of seven action potentials (left) and the field EPSP (right) before and after (arrowheads) application of the K ϩ channel blocker apamin (1 M) to the recording medium. These data show that nifedipine and apamin reduce the AHP to a similar extent. However, neither drug substantially alters the EPSP slope. Waveforms in B are averages of five consecutive responses collected before and after drug wash-in. Also, in the lef t panels, note that action potentials were truncated to better illustrate the AHPs. Calibration: for AHPs, 2.5 mV, 200 msec; for EPSPs, 0.5 mV, 5 msec. C 1 , Like nifedipine, application of apamin to aged rat slices (n ϭ 7) facilitated the induction of synaptic enhancement attributable to 5 Hz stimulation. C 2 , In contrast to nifedipine, apamin did not prevent the induction of LTD after 1 Hz stimulation (n ϭ 7). Insets for C display the averaged field EPSP waveforms from 10 successive responses collected immediately before and 30 min after (arrowhead) the delivery of pattern stimulation. C alibration: 1 mV, 5 msec.
Although the facilitation of a C a 2ϩ -dependent process via the blockade of C a 2ϩ influx appears paradoxical, there are several plausible explanations for this effect. For instance, increased influx of C a 2ϩ through L -channels may activate intracellular signaling pathways that downregulate NMDAR function (Lieberman and Mody, 1994; Wang and Salter, 1994; such that, during aging, NMDAR currents normally are depressed. If this scenario is true, then blockade of L-channels would be expected to increase basal NMDAR-mediated responses. However, in the current study L -channel blockade had no significant effects on the NMDAR-mediated component of synaptic transmission in aged rats. Another possibility is that nifedipine facilitates LTP by reducing the C a 2ϩ -dependent K ϩ -mediated AHP, which normally is augmented in CA1 cells of aged rodents (Landfield and Pitler, 1984; Moyer et al., 1992) . Sah and Bekkers (1996) demonstrated that the AHP in CA1 can shunt synaptic depolarization in stratum radiatum. They suggested that voltage-dependent processes, such as NMDAR activation, may be particularly sensitive to the AHP. Thus, a weak stimulus train that elicited only short-term potentiation induced robust LTP when delivered during pharmacological reduction of the AHP.
Because the AHP is augmented during aging, synaptic activity occurring within the temporal boundaries of the AHP (i.e., activity Ͼ 1-2 Hz) likely will be affected to a greater extent in aged animals. In the current study two drugs that reduce the AHP (i.e., nifedipine and apamin) facilitated the induction of LTP in aged rats, using 5 Hz stimulation. Although the level of postsynaptic depolarization was not monitored directly during pattern stimulation trains, the conclusion that LTP is facilitated in aged rats via a reduction in the AHP is supported by the fact that nifedipine and apamin affect the AHP via disparate mechanisms. Specifically, blockade of L -channels reduces the AHP in aged animals by removing a major source of C a 2ϩ responsible for activating Ca 2ϩ -dependent K ϩ channels (Sah, 1996) . Apamin, on the other hand, is a peptide that directly blocks the K ϩ channels that mediate the AHP, especially the early component of the AHP (Pineda et al., 1992; Z hang and McBain, 1995; Oh et al., 1997) (but see Lancaster and Nicoll, 1987) . Moreover, the fact that apamin did not prevent the induction of LTD by 1 Hz stimulation suggests that differences in LTD induction between aged and young adult rats likely are not attributable to an age-related increase in the AHP.
In previous research LTP induction deficits at CA3/CA1 synapses were observed in aged animals, using "weak" stimulation parameters (Deupree et al., 1993; Moore et al., 1993; Rosenzweig et al., 1997) . In these cases the intensity of the LTP-inducing stimulus was lowered by reducing the duration of the stimulus train. Our data suggest that these LTP deficits may be attributable to an age-related increase in the AHP. Indeed, short-duration trains for inducing LTP (i.e., Ͻ200 msec) may be especially vulnerable, because a majority of the stimulus pulses are delivered across a period at which the AHP should be at or near its maximum amplitude (Landfield and Pitler, 1984; Moyer et al., 1992) . Thus, it would be instructive if f uture research investigated the effects of L -channel blockade on LTP induction, using the short-duration stimulation paradigms of Deupree et al. (1993) and Moore et al. (1993) .
L-channels, synaptic plasticity, and cognition
Synaptic plasticity mechanisms, both for increasing and decreasing synaptic efficacy, likely interact to regulate synaptic function (Mayford et al., 1995; Hrabetva and Sacktor, 1996; 
